ABSTRACT This paper aimed to study the dietary effects of Bacillus subtilis fmbj (BS fmbj) on growth performance, small intestinal histomorphology, and its antioxidant capacity of broilers at 21 d of raising. A total of 300 1-d old male Arbor Acres broilers were randomly assigned to 5 groups: broilers fed the basal diets with 0 g/kg BS fmbj (CON), 0.2 g/kg BS fmbj (BS-1), 0.3 g/kg BS fmbj (BS-2), 0.4 g/kg BS fmbj (BS-3), and 0.5 g/kg BS fmbj (BS-4). The results showed that there were no differences in the growth performance among treatments during the trail. Dietary BS fmbj in broiler diets increased (P < 0.05) the serum immunoglobulin A (IgA) and immunoglobulin G (IgG) concentration, and enhanced the secretory immunoglobulin A (sIgA) level of small intestine (jejunum and ileum) compared with those in the CON group. The BS groups could improve (P < 0.05) the values of villus length, villus width, crypt depth, and villus area of small intestine compared with that in the CON group. Compared with the CON group, the BS group increased (P < 0.05) small intestinal antioxidant capacity and its mitochondrial antioxidant capacity, and also improved the antioxidant related-gene expression. The BS group exerted a lower (P < 0.05) level of oxidative damages in small intestine than that of the CON group. In conclusion, dietary BS fmbj in broiler diets was potential to improve the small intestinal histomorphology, small intestinal antioxidant capacity, and its mitochondrial antioxidant capacity. Thus this BS fmbj might be considered to be an important additive for the poultry industry.
INTRODUCTION
Small intestine, as the most important organ of digestive nutrients, is the first to be damaged when oxidative stress occurs. Lipid peroxidation was one of the major causes of the oxidative damage, which could contribute to the development of oxygen radical-related damages (Koc et al., 2003) . Previous study reported that the oxidative damage was induced by the imbalance of antioxidant defense system and free radical generation system (Grune, 2000; Giacco and Brownlee, 2010) . There was a complex system containing natural enzymatic and nonenzymatic antioxidants that could protect the body from the oxidative damage. Briefly, the antioxidant enzymes (SOD, MnSOD, CAT, GSH, and GSH-Px) appear to be the first line of defense during oxidative stress, and exert beneficial effects on preventing the oxidative damage in poultry raising (Bai et al., 2016; La Ragione and Woodward, 2003; Tabassum et al., 2010; Rajput et al., 2013; Lee et al., 2014 The enormous pressure of modern poultry feeding regarding the antibiotic overuse encourages the discovery of new alternative additives, especially natural products for their capacity for safety and nontoxicity. Probiotics, a natural product, tended to enhance the antioxidant capacity in individuals (Tabidi et al., 2013) . Bacillus subtilis, among varieties of probiotics, could be metabolically dormant to face the extreme environments (Nicholson, 2002; Tabidi et al., 2013; Griggs and Jacob, 2015) . Dietary supplementation with Bacillus subtilis exerts positive effects on productivity, stimulating the immune system, and improving the antioxidant capacity in poultry raising (La Ragione and Woodward, 2003; Lee et al., 2011) . Dietary Bacillus subtilis in diets could improve the intestinal health and welfare of host in different ways, such as lowering the intestinal pH through acid fermentation, stimulating the immune system associated with the gut, increasing intestinal antioxidant capacity, and stimulating the intestinal intraepithelial lymphocytes (Nurmi and Rantala, 1973; Ng et al., 2009) . It has been reported that dietary probiotics in diets was beneficial in suppressing the oxidative damage (Dalloul et al., 2003; Chen et al., 2014; Singh et al., 2014) . The present study was designed to evaluate the dietary effects of BS fmbj without antibiotics on growth performance, small intestinal histomorphology, and its antioxidant capacity of broilers at 21 d of raising.
MATERIALS AND METHODS

Experimental Design
The BS fmbj (CGMCCN 0943, Heng Zeyuan Biological Technology Co., Ltd, Wuxi, China) used in this study was a wild-type strain originally isolated and characterized at the College of Food Science and Technology, Nanjing Agricultural University. This product was determined to contain at least 1.0 × 10 11 cfu/g of BS fmbj.
A total of 300 1-d old male Arbor Acres broiler chickens were provided by a local commercial hatchery (Kangxin Poultry Co, Nanjing, China), and they were randomly assigned to 5 treatments. Each treatment had 6 replicates of 10 birds in each replicate. Treatments included (fed for 21 d): (1) CON group (fed the basal diets with BS fmbj at 0 g/kg); (2) BS-1 group (fed the basal diets with BS fmbj at 0.2 g/kg); (3) BS-2 group (fed the basal diets with BS fmbj at 0.3 g/kg); (4) BS-3 group (fed the basal diets with BS fmbj at 0.4 g/kg); (5) BS-4 group (fed the basal diets with BS fmbj at 0.5 g/kg). The basal diet was formulated to meet or exceed the nutritional requirements of broilers (NRC, 1994) . All birds were raised in an environmentally controlled room (34 to 36
• C) during 1 to 14 d, where the temperature was gradually decreased to 26
• C until the end of this experiment. All broilers were kept under a constant lighting of 24 h, and allowed to take food and water ad libitum. They were handled in accordance with the guidelines of the Animal Care and Use Committee, Nanjing Agriculture University, Nanjing, People's Republic of China, which has adopted the Animal Care and Use Guidelines governing all animals used in these experimental procedures.
All chemical analyses of the feed samples were measured in triplicate before the raising experiments. The concentration of dry matter (930.15), crude protein (968.06), ether extract (991.36), and ash (942.05) were measured using standard procedures of (AOAC, 2005) . The ingredient and chemical compositions of the experimental diets used in this study are shown in Table 1 . The body weight (BW), feed intake (FI), and feed conversion ratio (FCR) of broilers were calculated at 1 d, 15 d, and 21 d.
Sample Collection
At d 21 of raising, one bird, close to the mean body weight, was chosen from each pen and weighed. The serum was obtained by centrifugation the blood at 2000 × g for 15 min at 4
• C, and stored at −20 • C until analysis. After blood collection, small intestine (jejunum and ileum) was isolated and rapidly frozen in liquid nitrogen, and stored at −80
• C until the analysis of the sIgA level, antioxidant enzymes activity, and gene expression. 
Serum Immunoglobulin Analysis
Serum IgA (H108), IgG (H106), and IgM (H109) concentrations were measured in triplicate with corresponding ELSA assay kits (Nanjing Jiancheng Bioengineering Institute) according to the previous method (Lebacq-Verheyden et al., 1972a and Leslie and Benedict, 1968; 1972b) .
Intestinal sIgA Level Analysis
At 21-d feeding, 1 g of chicken small intestine was homogenized at 6800 × g for 10 s in 9 mL of 0.9% sodium chloride buffer on ice, and then centrifuged at 2800 × g at 4
• C for 15 min. This supernatant was used to measure the intestinal sIgA level with corresponding assay kits (Nanjing Jiancheng Bioengineering Institute) in triplicate according to the method described by Hu (Hu et al., 2002) .
Histological Study
The small intestine (jejunum and ileum) samples fixed in 4% buffered formaldehyde were dried up using a graded series of xylene and ethanol, after which they were embedded in paraffin for histological study. The small intestine samples (8 microns in size) were then deparaffinized using xylene and rehydrated with graded dilutions of ethanol. The slides were stained with hematoxylin and eosin. Ten slides for each sample (the middle site of the sample) were prepared, and the images were acquired using an optical binocular microscope. The values of villus length (L), crypt depth, and villus width (W) were measured 5 times from different villus and crypts per slide. The villus area (S) was calculated using the following formula:
Antioxidant Enzymes Activity Analysis
The supernatant of chicken small intestine was used to measure the superoxide dismutase (SOD, A001), catalase (CAT, A007), glutathione peroxidase (GSHPx, A005), and glutathione (GSH1, A005) activity with corresponding assay kits (Nanjing Jiancheng Bioengineering Institute) in triplicate according to the method described previously (Placer et al., 1966; Panckenko et al., 1975; Lawrence and Burk, 1976; Abei, 1984) .
Lipid Peroxidation Analysis
Lipid peroxidation, expressed as malondialdehyde concentration, was determined in triplicate with a malondialdehyde (MDA, A003) assay kit according to the method described by the instructions of the manufacturer (Nanjing Jiancheng Bioengineering Institute). Briefly, chicken small intestinal supernatant was used to measure the MDA level by the method of thiobarbituric acid (TBA). The MDA-TBA mixture produced during the reaction of MDA in small intestine with TBA was measured at 535 nm (UV-2401 PC, Shimadzu, Japan).
Isolation of Chicken Intestinal Mitochondria
Chicken small intestinal mitochondria were prepared according to the method described by Tang (Tang et al., 2006) . Namely, chicken small intestine was homogenized in ice-chilled Dounce homogenizers (1:10, w/v) using isolation buffer containing 10 mM MOPS pH 7.4, 250 mM sucrose, 5 mM KH 2 PO 4 , 2 mM MgCl 2 , 1 mM EGTA, 0.1% fatty acid-free BSA, and centrifuged at 1000 × g for 5 min at 4
• C. The supernatants were removed and the mitochondria-enriched pellets were gently re-suspended and washed with the isolation buffer, after which the pellets were obtained by centrifugation at 12,000 × g for 5 min.
Antioxidant Enzyme Activity of Intestinal Mitochondria Analysis
The activity of manganese superoxide dismutase (MnSOD, A001-2), glutathione (GSH2, A005), glutathione peroxidase (GPx, A005), and protein concentrations (A045-3) of chicken small intestinal mitochondria were measured in triplicate with corresponding assay kits (Nanjing Jiancheng Bioengineering Institute) according to the method of (Lowry et al., 1951; Lawrence and Burk, 1976; Van et al., 2004; Langston et al., 2011) .
Oxidative Damage Analysis
The reactive oxygen species (ROS) level in chicken small intestinal mitochondria was detected in triplicate with a ROS (E004) assay kit according to the manufacturer instructions (Nanjing Jiancheng Bioengineering Institute). Briefly, the intestinal mitochondria were incubated with DCFH-DA (10 μM) and DNA stain Hoechst 33,342 (10 mmol/L) at 37
• C for 30 min. Then, the DCFH fluorescence of mitochondria was measured in triplicate at an emission wavelength of 530 nm and an excitation wavelength of 485 nm with a FLX 800 microplate fluorescence reader (Biotech Instruments Inc., USA). The results were expressed as the mean DCFH-DA fluorescence intensity over that of the control. Protein oxidation of chicken intestinal mitochondria was calculated using the concentrations of protein carbonyls (PC) (Wei et al., 2006) , and presented in nmol/mg protein. The level of 8-hydroxy-2-deoxyguanosine (8-OHdG) in chicken small intestinal mitochondria was calculated in triplicate with an ELSA assay kit (Beyotime Institute of Biotechnology) according to the method described by the manufacturer instructions, and presented in ng/mg protein.
Mitochondrial Membrane Potential (MMP) Analysis
The changes in the mitochondrial membrane potential (MMP) in the chicken hepatic mitochondria were detected using an MMP assay kit (No. H146, Nanjing Jiancheng Institute of Bioengi-neering, Jiangsu, China). In brief, the hepatic mitochondria were loaded with 1X JC-1 dye at 37
• C for 20 min, and then analyzed, after washing, by flow cytometry (FACS Aria III, BD, New Jersey, US). The MMP was calculated as the increase in ratio of green and red fluorescence. When the MMP levels are low, JC-1 exists mainly as a monomer, which emits green fluorescence (excitation wavelength of 490 nm and emission wavelength of 540 nm). However, when the MMP levels are high, JC-1 exists mainly as a polymer, which emits red fluorescence (excitation wavelength of 525 nm and emission wavelength of 590 nm). The results were calculated in triplicate as the ratio of the fluorescence of aggregates (red) to that of the monomers (green).
Quantitative Real-Time PCR Analysis
Total RNA was obtained from chicken small intestine using Trizol Reagent (TaKaRa), and then GATTCTTCACCTGGGTGGCA NM 0,010,06457.1 TCAGCCCGAATTTCCTGGTC 1 nuclear factor erythroid 2-related factor 2 (Nrf2); heme oxygenase 1 (HO-1); superoxide dismutase (SOD); hydrogen peroxidase (CAT); glutathione peroxidase (GSH-Px); avian uncoupling protein (avUCP); nuclear respiratory factor 1 (NRF1); nuclear respiratory factor 2 (NRF2); mitochondrial transcription factor A (TFAM); peroxisome proliferatoractivated receptor gamma coactivator 1α (PGC-1α).
2 Shown as forward primer followed by reverse primer. 3 GenBank Accession Number.
reverse-transcribed using a commercial kit (Perfect Real Time, SYBR R PrimeScript TM TaKaRa) with the method described by the manufacturer instructions. The mRNA expression level of specific genes was quantified via real-time PCR, using SYBR R Premix Ex Taq TM II (Tli RNaseH Plus) and an ABI 7300 Fast Real-Time PCR detection system (Applied Biosystems, USA). The SYBR Green PCR reaction mixture consisted of 10 μL SYBR R Premix Ex Taq (2X), 0.4 μL of the forward and reverse primers, 0.4 μL of ROX reference dye (50X), 6.8 μL of ddH 2 O, and 2 μL of cDNA template. Each chicken small intestine was amplified in triplicate. The fold-expression of each gene (Table 2) was calculated according to the 2 −ΔΔCt method , in which β-actin gene was used as an internal standard.
Statistical Analyses
All the data were statistically analyzed by one-way ANOVA procedure of Statistical Analysis System (SAS Institute Inc., Cary, NC). This was followed by the Tukey's test, when significant differences were found (P < 0.05). The significance was defined as P < 0.05. The data were expressed as means ± SD.
RESULTS AND DISCUSSION
The inhibition usage of antibiotics in poultry diets encourages the discovery of new alternative additives, especially natural products for their capacity for nontoxicity and safety. In the previous study, dietary BS fmbj in diets appeared to be beneficial to the broiler performance with no side effects observed (Bai et al., 2016) . It has been reported that dietary Bacillus in broiler diets could improve its performance during 21 d of raising (Ahmed, 2014; Park and Kim, 2014) . However, the growth performance of broilers in the current study was not affected by dietary BS fmbj in diets during 21-d feeding (Table 3 ). In agreement with our results, some studies have found that there were no differences in the growth performance among treatments during 21-d feeding (Zhang, 2014) . Another study also indicated that dietary B. subtilis natto in diets exerted no differences on broiler growth performance among treatments for 28 d (Samanya and Yamauchi, 2002) . These different results on the growth performance with Bacillus in broiler diets can be ascribed to several factors, such as the dose of Bacillus species, the age of animals, diet composition, and feed form.
The concentration of IgA, IgG, and IgM are the major parameters to reflect the body immune status for their capacity for fighting against various infections. Previous studies have evaluated the dietary effects of probiotics on the immune system, and the results were generally unproductive and even conflicting. In the present study, the concentrations of serum IgA and serum IgG (Table 4) were increased (P < 0.05) in the BS group compared with those in the CON group. It has been indicated that dietary L. acidophilus in diets could increase the number of IgA-producing cells (Perdigon et al., 1995) . Another study reported that dietary probiotics in broiler diets could improve the serum IgA and IgG concentration compared with the control group (Yang et al., 2012; Amerah et al., 2013) . Previous study found that dietary probiotics in broiler diets could increase the level of serum immunoglobulin through its immunomodulatory function (Paturi et al., 2007) . Small intestine usually acts as an immune protection barrier in individuals. Dietary Bacillus in diets could improve the body immune status by regulating the intestine mucosal cytokines (Patterson and Burkholder, 2003) . The IgA could turn to sIgA in cell gap with the secreted fragments produced by epithelial cells, and then binds with the corresponding antigen to protect the intestinal mucosa from the oxidative damage (Brandtzaeg, 2002) . The current study indicated that the small intestinal sIgA level (Table 5 ) was increased (P < 0.05) in the BS group compared with those in the CON group. Consistent with our results, dietary Bacillus in broiler diets could improve its immune status, including the changes of mucosal lymphocyte populations that were associated with IgA class switching (Lee, 2010) . Another study also found that dietary probiotics could increase the sIgA level of small intestine at 21-d feeding compared with the control group (Amerah et al., 2013) . However, some studies reported that dietary probiotics in diets exerted little beneficial effects on its immune status, and this might be due to the different experimental design and the different time of Data are expressed as mean ± SD, n = 6. Values in the same row with different superscripts were significantly different (P < 0.05).
2 CON, birds fed the basal diet without BS fmbj; BS-1, birds fed the basal diet with 0.2 g/kg BS fmbj; BS-2, birds fed the basal diet with 0.3 g/kg BS fmbj; BS-3, birds fed the basal diet with 0.4 g/kg BS fmbj; BS-4, birds fed the basal diet with 0.5 g/kg BS fmbj.
collection (Mountzouris et al., 2010; Zhang et al., 2012) . Further studies are still required in order to draw any conclusions on the dietary effects of Bacillus on the immune system.
Oxidative stress is a common process in life, and it could produce varieties of ROS in bodies like hydroxylfree radicals and superoxide anions. The excess of ROS can damage the proteins, nucleic acids, and other biological macromolecules, and produce large amounts of MDA leading to tissue damage and tissue mitochondrial damage, thus contributing to the development of diseases. Broilers are prone to oxidative stress under certain unsuitable physiological and environmental conditions, especially with the development of modern intensive farming aimed at high yields of chicken, which imposes oxidative stress (Salami et al., 2015) .
The lipid content is relatively high in broiler chickens, which tends to damage the body by producing ROS for its nutritional and physiological characteristics. Small intestine is the earliest damaged organ in the oxidative damage, and its integrity structure is important in resisting the oxidative damage. The probiotic tends to improve the small intestinal performance for its capacity for lowering its pH value, stimulating its intraepithelial lymphocytes, and increasing its antioxidant capacity (Nurmi and Rantala, 1973; Ng et al., 2009; Ferket, 2011) . The present study indicated that dietary BS fmbj in broiler diets could improve (P < 0.05) the values of villus length, villus width, crypt depth, and villus area of small intestine compared with those in the CON group (Table 6, Figure 1 ). Antioxidant enzymes (SOD, CAT, GSH, and GSH-Px) act as the first line to Data are expressed as mean ± SD, n = 6. Values in the same row with different superscripts were significantly different (P < 0.05).
2 CON, birds fed the basal diet without BS fmbj; BS-1, birds fed the basal diet with 0.2 g/kg BS fmbj; BS-2, birds fed the basal diet with 0.3 g/kg BS fmbj; BS-3, birds fed the basal diet with 0.4 g/kg BS fmbj; BS-4, birds fed the basal diet with 0.5 g/kg BS fmbj. suppress the oxidative damage. The SOD enzyme enhances the production of O 2 and H 2 O 2 from O 2− , which are decomposed to water by CAT and GSH-Px, thus suppressing the oxidative damage by inhibiting the formation of OH − . The GSH and GSH-Px enzymes relieve the oxidative damage by eliminating the excessively generated free radicals. Consistent with our results, it has been reported that dietary Bacillus subtilis in diets was beneficial on the antioxidant capacity of broilers (La Ragione and Woodward, 2003) . In the present study, we also measured the small intestine mitochondrial antioxidant enzymes (MnSOD, GSH, and GPx) activity, and the results indicated that they were increased (P < 0.05) in the BS group compared with those in the CON group (Table 7 ). The GPx is essential both in the GSH oxidation and in the metabolic pathway of GSH. In this process, these peroxides finally prove to be nonoxidative, toxic, or more stable metabolites. In the current study, the broilers in BS group also increased (P < 0.05) the small intestine mitochondrial MnSOD, GPx, and GSH2 activity compared with those in the CON group (Table 7) . It has been found that dietary probiotics in diets could improve the body antioxidant capacity (Tabidi et al., 2013) . Although little study was focused on the dietary effects of probiotics on the mitochondrial antioxidant capacity of small intestine, it has been reported that dietary probiotics in diets exerted beneficial effects on the oxidative damage by enhancing its antioxidant capacity (Mtakahashis, 2005; Bai et al., 2016) . Another study also reported that dietary Bacillus subtilis in diets was beneficial to the antioxidant capacity of animals (Rajput et al., 2013) . The above results indicated that dietary BS fmbj in diets could enhance the antioxidant capacity of broilers mainly due to its capacity for activating relative gene expression, and further study is still needed on this specific mechanism.
The oxidative damage is associated with the disruption of redox status and the damage of small intestinal structure. The MDA level is a main degradation product of lipid peroxidation, which is associated with the oxidative damage. Reactive oxygen species is the main product in mitochondria oxidative phosphorylation reaction. Once the generated ROS exceeds the scavenging ability of the antioxidant system, it can lead to oxidative damage in individuals. DNA transcription, translation, and replication can be disturbed by the oxidative damage, and finally result in cell death. These damaged cellular components, in turn, can affect the efficiency of the oxidative phosphorylation reaction in the mitochondria and generate more ROS. Thus, ROS is another important indicator of the oxidative damage (Jones, 2006) . The PC assay is important in studying the protein-oxidative damage in individual and the 8-OHdG is another parameter of cellular oxidative damage. It has been reported that the excessively generated free radicals could be removed by the antioxidant enzymes (Ko et al., 2004) . In the present study, the BS group showed a lower (P < 0.05) MDA, ROS, PC, and 8-OHdG level of small intestine than those of the CON group (Table 8) . Dietary BS fmbj in broiler diets exerted a higher (P < 0.05) MMP level of small intestine than the birds in the CON group (Table 8) . In agreement with our results, it has been found that dietary probiotics were of great benefit in oxidation resistance for their capacity for increasing the antioxidant activity (Capcarova et al., 2010) . With regard to the antioxidant capacity, the endogenous antioxidant system is also dependent on other external sources, such as probiotics, which appear to be the natural additive to suppress the oxidative damage. The changes of MMP level act as the starting of the mitochondrial damage. The decreased MMP level is accompanied by the increasing of ROS level, which finally leads to the mitochondrial damage. Some studies reported that dietary probiotics in diets could improve the oxidative damage (Deng et al., 2012) , increase the antioxidant capacity (Sanders, 1993) , and improve the body performance (Fuller, 1989) . The above results indicated that dietary BS fmbj groups could improve their antioxidant capacity by eliminating the excessively generated free radicals compared with those in the CON group. Further study is still needed to understand the mechanism behind this.
It is essential to activate Nrf2 nuclear transcription factor in regulating the expression of the II metabolic enzyme gene. It has been found that many natural substances could enhance the II-phase metabolic enzyme activity by activating Nrf2-related signaling pathway (Kode et al., 2008) . In the present study, in addition to GSH metabolism-related enzymes gene, the HO-1, SOD, CAT, and other antioxidant properties of the II-phase metabolic enzymes gene were also measured. HO-1 is the limited enzyme in the decomposition of hemoglobin, whose products contain endogenous carbon monoxide, biliverdin, and Fe 2+ . Biliverdin and bilirubin are two important endogenous antioxidants that are involved in the formation of physiological system against the protein oxidation. The gene expression level of NRF1, NRF2, PGC-1α, and TFAM is mainly associated with the mitochondrial biogenesis. NRF1/2 is important in regulating the gene expression of mitochondria respiratory chain. TFAM is mainly involved in the mitochondrial DNA replication and transcription. PGC-1α takes part in regulating the mitochondrial biogenesis, and also enhances the level of mitochondrial biosynthesis by increasing the expression of NRF1/2 and TFAM. The avUCP is the mitochondrial transporter protein of broilers, and is located on the inner mitochondrial membrane involving varieties of physiological functions, including the regulation of ROS generation (Kikusato and Toyomizu, 2013) . Interestingly, the current study suggested that the expression level of antioxidant related-gene and mitochondrial related-genes of small intestine were improved (P < 0.05) in the BS group compared with that in the CON group (Table 9) . Future study is still needed on the relationship between antioxidant capacity and 
